Study Objectives: Determine the prevalence of, and clinical features associated with, a low respiratory arousal threshold (ArTH) among patients with obstructive sleep apnea (OSA), and to assess whether a low ArTH is associated with reduced long-term CPAP use. Methods: Cross-sectional and longitudinal analyses were performed in an observational study conducted among 940 male Veterans with OSA. Data for clinical characteristics, polysomnography characteristics, and long-term (5 ± 2 years) CPAP use were obtained from clinical records. Logistic regression was used to assess the associations between low ArTH and clinical features, including regular CPAP use. Results: A low ArTH was observed in 38% of participants overall, and was more common among nonobese (body mass index < 30 kg/m 2 ) patients (55%). In adjusted analyses, increasing body mass index (per 5 kg/m 2 ) and antihypertensive medication use were negatively associated with low ArTH, with odds ratio (OR) (95% confidence interval [CI]) of 0.77 (0.69, 0.87) and 0.69 (0.49, 0.98), respectively. Conversely, increasing age (per 10 years) and antidepressant use-OR (95% CI) 1.15 (1.01,1.31) and 1.54 (1.14,1.98), respectively-were positively associated with low ArTH. Nonobese patients with low ArTH were less likely to be regular CPAP users-OR (95% CI) 0.38 (0.20, 0.72)-in an adjusted model. Conclusions: Low ArTH is a common trait among Veterans with OSA and is more frequent among those who are older and nonobese and those taking antidepressants, but is less frequent among patients taking antihypertensive medications. A marked reduction of long-term CPAP use in nonobese patients with low ArTH highlights the importance of understanding a patient's physiologic phenotype for OSA management, and suggests potential targets to improve CPAP adherence. 
I NTRO DUCTI O N
Obstructive sleep apnea (OSA) is a highly prevalent sleep disorder, occurring in 6% to 38% of the general population, 1 and is characterized by repetitive collapse of the pharyngeal airway during sleep. These airway obstructions result in intermittent hypoxia and hypercapnia, large swings in intrathoracic pressure, and surges in sympathetic activation-all of which have deleterious consequences on neurocognition, 2 daytime functioning, 3 metabolic function, and cardiovascular health. 4, 5 OSA is a heterogeneous disorder, 6 and recent studies 7, 8 have shed light on the pathophysiology of OSA, demonstrating that it is caused by a variable combination of poor upper airway anatomy (ie, a highly collapsible airway) and several nonanatomical physiologic factors or traits. These include: (1) an oversensitive ventilatory control system (characterized by high loop gain), (2) poor pharyngeal muscle responsiveness during sleep, and (3) a low respiratory arousal threshold (ie, being easily awakened from sleep in response to relatively mild airway obstruction). [7] [8] [9] Importantly, in a study of 58 patients with OSA, Eckert et al. 7 highlighted that the relative contribution of each trait to the development of OSA varied among patients, with more than one-third exhibiting a significant abnormality in one or more of the nonanatomical traits.
Given such findings, there is a growing interest in understanding the prevalence and effect of nonanatomical traits. Although gold-standard methods for measuring these traits are technically beyond the scope of most clinical settings, a recently developed tool enables estimation of one such key trait, the respiratory arousal threshold (ArTH), using a composite score of indices measured by standard polysomnography (PSG). 10 Applying this approach to a cohort of 348 white and Chinese patients with OSA revealed that the propensity to arouse may vary across racial groups, with low ArTH being less common among Chinese patients. 11 Data remain scarce, however, about clinical factors associated with low ArTH in large clinical populations, 10, 12 with some studies suggesting a relationship with body mass index (BMI) and sleepiness. Furthermore, little is known about how the prevalence of low ArTH relates to common consequences associated with OSA, such as hypertension or depression.
In addition to being a potential causative factor for OSA, a high propensity for arousals or a low ArTH is associated with sleep discontinuity, 13 which may act to reduce sleep quality and affect daytime symptoms. Importantly, it is plausible that high propensity for arousals and accompanying sleep discontinuity in some patients may play a role in their ability to tolerate treatments, such as continuous positive airway pressure (CPAP). In fact, a small retrospective study showed that nonobese patients may be more likely to have a low ArTH and to exhibit lower CPAP adherence.
14 By contrast, relatively few PSG measures have consistently been associated with CPAP nonadherence. 15, 16 Identifying objective and modifiable physiological measures affecting CPAP use may offer a valuable complement to psychological, social, and environmental interventions used to improve CPAP adherence.
The current study aimed to (1) ascertain the prevalence of a low ArTH in a large clinical cohort of male United States Veterans with OSA, (2) assess the relationships between the presence of low ArTH and several demographic (eg, age, BMI, race/ethnicity) and clinical outcomes commonly associated with OSA (eg, sleepiness, hypertension, depression), and (3) determine whether increased propensity for arousals is associated with reduced rates of regular CPAP use.
M ETHO DS

Study Design
We performed cross-sectional and longitudinal analyses in an observational cohort study conducted among male United States Veterans with OSA. 17 The prevalence of low ArTH, followed by its relationship with key clinical characteristics at the time of enrollment, were assessed. CPAP use was ascertained at the time of follow-up (average 5 ± 2 years) and its association with low ArTH, PSG characteristics, and clinical characteristics was also evaluated.
Patients and Analytic Sample
The Determining Risk of Vascular Events by Apnea Monitoring (DREAM) study consists of 2,041 Veterans from three Veterans Affairs (VA) Centers (West Haven, Connecticut; Cleveland, Ohio; and Indianapolis, Indiana) who underwent OSA evaluation between 2000 and 2004, with followup through 2012. 17 The analytic sample used in the current study was derived from this source population and included 940 male United States Veterans with AHI ≥ 5 events/h, who were recommended to receive treatment for OSA by an evaluating clinician. Due to statistical considerations, the small number of women in this cohort (n = 24) were excluded from the analytic sample. Other selection criteria are shown in Figure 1 . The institutional review board at each center approved the study.
Clinical Measurements
At enrollment (time of PSG), data were collected on demographic and anthropometric characteristics, medication use, Epworth Sleepiness Scale (ESS), medical comorbidities, and other measures as detailed previously. 17 The global comorbidity burden was assessed by the Charlson Comorbidity Index (CCI), 18 with increasing scores associated with higher mortality (eg, 1-year mortality of 29% upon hospital admission for CCI scores > 3). 
Polysomnography
The details of PSG and scoring criteria used in the parent study were described previously. 17 Briefly, PSG tests were scored at a centralized reading center (West Haven, Connecticut), using standard scoring criteria from the American Academy of Sleep Medicine (AASM). 19 Hypopneas were defined by ≥ 30% decrement in amplitude of nasal pressure flow signal for at least 10 seconds, associated with a 4% arterial oxygen desaturation (with or without an arousal).
Measuring the Arousal Threshold
A validated, practical clinical score for stratifying patients by low versus high arousal threshold (ie, epiglottic pressure preceding an arousal) was used to estimate the presence of low ArTH from routine PSG summary statistics (AHI, proportion of hypopneas and nadir oxygen saturation). 10 This tool uses a scoring system (score 0 to 3) that assigns 1 point if each of the following criteria are satisfied: (1) an AHI < 30 events/h of sleep, (2) the proportion of hypopneas > 58.3% and (3) a nadir SpO 2 > 82.5%. A total score of 2 or greater was used to define low ArTH. This score carries a positive predictive value of 87% and negative predictive value of 81% for the presence of low ArTH measured by gold-standard epiglottic pressure.
10
CPAP Use
The study population received treatment according to consensus guidelines, 20 with the CPAP appliance and supplies ordered by the institution and issued through a single respiratory home care company at each study center. Importantly, orders for these services were documented in the electronic medical record. In addition, patients were followed closely for assessment of efficacy and treatment adherence through established sleep medicine and pulmonary clinics, and CPAP use was documented in the medical record via assessment of self-report, data review from CPAP machines, and memory cards. Two physician investigators, blinded to outcome status, classified each patient's CPAP use in categories of "regular" versus "not regular." Regular CPAP use was defined as "evidence of continued use" documented by provider electronic medical record notes and documentation of supplies refilled at least every 6 months, based on the VA's prosthetics records (analogous to VA pharmacy data and "refills"). Patient CPAP use was assessed for an average of 5 years (range 3-8) after enrollment. The validity of this CPAP use metric is supported by the findings that "regular CPAP use" attenuated the risk of incident diabetes, cardiovascular disease, and death in this study population.
21,22
Statistical Analyses
To determine relationships between demographic factors and clinical characteristics, with low ArTH as the outcome variable, we first assessed bivariate associations using logistic regression with Wald χ 2 statistic for significance (P < .05). Age, BMI, race, mental health, and medical comorbidities (including CCI) were used for these analyses. Variables for the multivariate (logistic regression) model were selected based on P < .2 in bivariate evaluations. For these variables, we also checked whether interactions between them (eg, age × BMI) exhibited significant relationships with ArTH, and if so, interaction terms were included in the multivariate model. Prespecified multivariate analyses were also performed to assess whether medications used to treat the medical and mental health conditions that were significantly associated with low ArTH were also related to low ArTH.
For bivariate associations with regular CPAP use, variables exhibiting significant associations with low ArTH, as well as established factors in CPAP adherence literature (age, race, BMI, AHI, ESS, socioeconomic status), 15, 16 were included. Multivariate models for regular CPAP use were generated using variables with values of P < .2 in bivariate analyses. For these variables, we also checked whether interactions between them (eg, ArTH × BMI) exhibited significant relationships with CPAP use, and if so, interaction terms were included in the multivariate model. Given that AHI is a component of the score used to predict low ArTH, AHI was not included in the initial multivariate modeling for CPAP use. Instead, a sensitivity analysis with addition of AHI to the multivariate CPAP use model was performed. SAS version 9.3 (SAS Institute Inc., Cary, North Carolina, United States) and SPSS version 24 (IBM Corp, Armonk, New York, United States) were used for all analyses.
R ESU LT S Study Population
The study population was predominantly white, with a mean age of 60.0 ± 11.4 years ( Table 1) . Average BMI was 35.4 ± 7.1 kg/m 2 , and 45% of the analytic sample exhibited severe OSA (AHI > 30 events/h). Seventy-five percent of patients had prevalent hypertension, one-third of the cohort had diabetes, and one-third had depression. Twenty-seven percent of patients exhibited CCI scores of 3 or higher.
Arousal Threshold Estimation and Associated Clinical Characteristics
A low arousal threshold was observed in 37.6% of all participants (353/940) ( Table 1) . Associations between demographic and clinical features, and low ArTH, are shown in Table 2 . In bivariate analysis, the odds of exhibiting a low ArTH were 49% lower for black (in comparison to white) Veterans (ie, black Veterans were less likely to be easily arousable). Similarly, the odds of low ArTH decreased by 26% for every 5-unit increase in BMI. Patients with a diagnosis of hypertension were less likely to exhibit a low ArTH-OR (95% CI) of 0.62 (0.47, 0.84)-and a trend (P < .2) was found in similar direction for diabetes and renal failure. Veterans with depression exhibited a trend toward higher arousability-OR (95% CI) 1.22 (0.92, 1.61). No significant association was found for other comorbidities, or for the overall comorbidity burden (CCI, Table 2 ).
In a multivariate model (Figure 2) , only lower BMI and older age remained significantly associated with a low ArTH. A strong trend was evident for an inverse association between the diagnosis of hypertension (P = .072) as well as black race/ ethnicity (P = .082) with a low ArTH. A prespecified multivariate analysis was performed to assess whether treatments for depression or hypertension (conditions with most significant associations on bivariate-analyses within mental health and medical comorbidity domains) were related to low ArTH ( Table 2) . Use of any antidepressant was associated with an approximately 50% increase in the odds of having a low ArTH-OR (95% CI) 1.54 (1.14, 2.08), P = .005. In contrast, the use of any antihypertensive medication was associated with reduced odds of having a low ArTH-OR (95% CI) 0.69 (0.49, 0.98), P = .038-indicating that patients taking antihypertensive medications were more difficult to awaken.
Predictors of Regular CPAP Use Among Veterans
Forty percent of the Veterans were determined to use CPAP regularly at time of follow-up. Older age was associated with lower odds, whereas increasing AHI was associated with higher odds, of regular CPAP use ( Table 3 , bivariate analyses). A trend toward an association (P < .2) with lower odds of regular CPAP use was noted for black race, lower BMI, low ArTH, and depression.
Arousal Threshold Modifies the Relationship Between Obesity and CPAP Use
When assessed by an interaction term involving ArTH (low versus high) × BMI category (BMI < 30 versus ≥ 30 kg/m 2 ), we found that ArTH modified the effect of BMI on regular CPAP use, with a value of P = .006. In an unadjusted model, in nonobese patients (BMI < 30 kg/m 2 ), the presence of a low ArTH Values are presented as mean ± standard deviation or n (%). Participants were selected based on an AHI ≥ 5 events/h, with a recommendation for treatment by a clinician. * = comparison between low and high ArTH groups, χ 2 or analysis of variance as appropriate. † = participants with ESS scores (n = 499). AHI = apnea-hypopnea index, ArTH = arousal threshold, BMI = body mass index, CAD = coronary artery disease, CCI = Charlson Comorbidity Index, ESS = Epworth Sleepiness Scale, OSA = obstructive sleep apnea, PLMI = periodic limb movements of sleep index, PTSD = posttraumatic stress disorder, REM = rapid eye movement, SD = standard deviation, TST = total sleep time, TST < 90% sat. = time spent at less than 90% oxygen saturation as percent of total sleep time.
was associated with a 21% absolute (46% relative) reduction in regular CPAP use (Figure 3) , whereas in those with obesity (BMI ≥ 30 kg/m 2 ), low ArTH had no effect on CPAP use. Table 3) ; older age was also associated with significantly less regular CPAP use. Despite a propensity for a higher ArTH ( Table 2) 
DISCUSSI ON
The current study demonstrated that a low respiratory ArTH (ie, being easily arousable) is a common trait in a large cohort of male United States Veterans with OSA, particularly among nonobese patients (55%). Low ArTH was more common among white and older Veterans. The use of antidepressant medications was associated with lower ArTH, whereas the use of antihypertensive medications was associated with higher ArTH. Perhaps most clinically meaningful was our finding Figure 2 ); n = 877 for multivariate model (63 subjects missing any of the variables in the model). ‡ = subjects taking serotonin reuptake inhibitors, tricyclics or any other antidepressant, n = 320. § = angiotensin-converting-enzyme inhibitors, angiotensin-receptor blockers, alpha-blockers (ie, clonidine, doxazosin, terazosin), beta-blockers, calcium channel blockers (dihydropyridine or nondihydropyridine types), diuretics, n = 678. ArTH = arousal threshold, BMI = body mass index, CI = confidence interval, CCI = Charlson Comorbidity Index, OR = odds ratio, OSA = obstructive sleep apnea, PTSD = posttraumatic stress disorder. that long-term CPAP adherence is decreased among nonobese patients with low ArTH. This finding highlights that adherence to CPAP, in part, may depend on physiologic traits that underlie OSA pathobiology. Our results emphasize that assessment of pathophysiologic traits may help in the understanding of OSA's relationship with its common consequences, such as depression and hypertension, as well as a patient's ability to tolerate treatment.
Arousability and Associated Factors in OSA
OSA is characterized by the collapse of the upper airway during sleep. Such obstructions raise CO 2 levels, which leads to increased ventilatory drive and negative pharyngeal pressure throughout the obstruction. These respiratory stimuli can activate the upper airway dilator muscles to restore pharyngeal patency during sleep, which can protect against OSA. Restoration of sufficient airflow while preserving sleep can only occur, however, if ventilatory drive can build up without an arousal. Instead, current evidence suggests that approximately 30% to 50% of patients (38% reported in the current cohort) have a low respiratory arousal threshold (ArTH), which can prevent the opportunity for ventilatory drive to build up and restore pharyngeal patency during sleep. Previous studies that examined clinical and PSG factors have suggested that a low ArTH is associated with less severe OSA (ie, lower AHI, lower arousal index, and higher nadir SpO 2 ), less sleepiness (determined using the ESS), and a lower BMI, although some of these associations have been modest. 10, 13 Furthermore, as several studies in older patients have shown an increased number of spontaneous arousals during sleep, 23 older adults might be expected to have a lower respiratory ArTH compared to younger adults. However, when the arousal threshold has been measured in small physiological studies, no relationship with age has been found. 10, 24, 25 In the current study, in contrast to prior smaller physiological studies, we found a significant relationship between age and the ArTH (ie, for every 10-year increase in age, the odds of having a low ArTH increased by 15%). This finding may help explain the common observation that older individuals tend to have more arousals during sleep. In addition, and similar to * = for multivariate model, variables and their interactions (data only shown for significant interaction) were selected based on P < .2 in bivariate analyses. n = 888 for multivariate models, 52 subjects with missing data on CPAP use or any of the covariates. Depression was included in the multivariate model due to P = .167 on bivariate analyses, whereas for antidepressants, antihypertensive agents, and hypertension diagnoses P values on bivariate analyses were .482, .846, and .739 respectively. † = P = .006 for interaction term (Low ArTH × BMI category). AHI = apnea-hypopnea index, ArTH = arousal threshold, BMI = body mass index, CI = confidence interval, ESS = Epworth Sleepiness Scale, OR = odds ratio.
previous studies, BMI was associated with ArTH, even after adjustment for age, ethnicity, and comorbidities. More specifically, for every 5-unit increase in BMI, the odds for having a low ArTH decreased by 26%. The underlying mechanisms of this relationship may be driven by the effect that obesity has on OSA severity, and the previous evidence suggesting that the ArTH is strongly related to severity of the disorder. Both chronic sleep fragmentation 26 and intermittent hypoxia 27 have been implicated as factors responsible for increase in ArTH with OSA severity. Obesity and OSA may increase the levels of proinflammatory cytokines 28, 29 that mediate sleepiness, 30 which can depress the central nervous system and reduce arousability. 31 To date, there has only been one study that has assessed the effect of race on predisposition toward having a low ArTH, suggesting that when compared to whites, Asians were less likely to exhibit a low ArTH. 11 The current work extends this finding and shows that in a bivariate analysis, a low ArTH is less common in black versus white individuals with OSA, although this relationship was not statistically significant (P = .08) in the multivariate analysis (possibly due to a low number of black individuals in our study). Nonetheless, such findings suggest that genetic background is likely a key factor affecting pathophysiologic traits that predispose to OSA. Support for this concept comes from emerging evidence that a compromised upper airway anatomy is predominantly due to craniofacial skeletal structure restriction among Asians, whereas in African Americans it is primarily due to enlargement of upper airway soft tissues in the setting of obesity. 32 In summary, these findings may have important implications for personalizing the management of OSA, by targeting therapies to an individual's predisposing physiology. For example, giving a sedative to raise the ArTH in unselected patients may be a more successful approach in (1) white as opposed to black individuals, (2) older as opposed to younger, and (3) non-obese as opposed to obese patients.
Last, we showed in a multivariate analysis that antidepressant use was associated with increased odds of having a low ArTH, whereas the opposite relationship was found for use of antihypertensive medication or documented hypertension. Although speculative, it may be that the treatment of comorbid conditions is associated with a change in a patient with OSA's physiological phenotype (eg, treating a patient with depression may reduce the arousal threshold). If such relationships were confirmed, it would suggest that the pathological causes of OSA need to be considered/controlled for in the design of future epidemiologic studies or randomized controlled trials, given that depression and hypertension are major outcomes of OSA. Nonetheless, further work elucidating the relationship between the OSA pathophysiology and these common OSA comorbidities is clearly warranted.
Implications for CPAP Use and the Interaction With Obesity
Adherence to CPAP is suboptimal, with most studies reporting adherence rates around 40% to 60%. [33] [34] [35] [36] [37] Nonadherence to CPAP is a multifactorial problem, and risk factors identified previously include (1) patient characteristics (ie, sex, age, race, obesity status), [38] [39] [40] (2) disease severity, 39,41 (3) symptoms of sleepiness, 42 (4) psychological factors, 15 and (5) side effects associated with the equipment/CPAP interface. 15, 43 Despite the emerging evidence suggesting that physiologic OSA traits can predict response to CPAP-alternative treatments (ie, oral appliances, upper airway surgery), 44, 45 little is known about whether these traits affect CPAP tolerance or adherence. Fujita et al. 46 showed that increased breathing irregularity while awake (defined by coefficient of variation in tidal volume > 34.0) predicted poor CPAP adherence at 1 month. Gray et al. assessed the ArTH in a small group of patients with OSA who were recommended to receive CPAP treatment (n = 94), 14 and in multivariate analyses a low ArTH was not associated with CPAP use at follow-up (up to 22 months). Nonetheless, the authors identified that CPAP adherence was lower for nonobese (versus obese) patients, who also exhibited a lower ArTH. Importantly, our findings are consistent with the results of Gray et al., using the same ArTH assessment method in a larger, independent sample, and with a longer follow-up of CPAP use (5 ± 2 years). Specifically, obesity status and low ArTH alone were not associated with CPAP use in United States Veterans, but the interaction of the two factors (ie, low ArTH in non-obese patients) was the most significant predictor. This relationship remained significant after adjustment for OSA severity using the AHI. These data highlight that knowledge of the pathophysiology causing OSA is likely to be helpful in understanding who is likely to be able to adhere to CPAP.
Although it remains to be confirmed, our work also highlights the question of whether hypnotics might be used in the nonobese patients with a low ArTH to help improve CPAP use (and thus other relevant patient outcomes, such as subjective sleepiness and quality of life). Interestingly, a randomized controlled trial in unselected patients showed that the sedative eszopiclone, when administered during the first 2 weeks of receiving CPAP therapy, resulted in more frequent and longer CPAP use, although this study did not measure the ArTH. 47 Integrating measures of individual's physiologic propensity for OSA into clinical practice may help select patients who could benefit from hypnotic therapy to improve CPAP adherence.
Methodological Considerations
The strengths of our study include assessment of ArTH in the largest clinical OSA population to date, examination of the relationships between low ArTH and a broad range of meaningful clinical factors (depression, hypertension, long-term CPAP adherence), and use of robust statistical analyses to assess the effect of BMI on the role of low ArTH in CPAP adherence. Among limitations that should be considered, the method used to assess ArTH in the current study provides an estimate of whether the individual is likely to have a low arousal threshold. Ideally, our findings should be confirmed in future studies using gold-standard measures of the arousal threshold. Second, the definition used for a hypopnea in the current study (≥ 30% reduction in flow and associated with a 4% desaturation) differed from the scoring criteria used in the original study by Edwards et al. 10 and Gray et al. 14 Given the known effect these two scoring rules can have on both the AHI and fraction of the events scored as hypopneas (ie, 4% desaturation criteria will bias toward lower values), it is possible that this threshold may have affected the estimated proportion of individuals with a low arousal threshold in this population. 48, 49 Despite this difference, our findings (regarding both the prevalence of a low ArTH and its relationship with demographic factors) are consistent with a number of previous studies, 10, 14 and by utilizing one of the currently accepted AASM hypopnea definitions to classify a patient's ArTH, we hope to improve our findings' generalizability and potential for replication. Third, the established psychosocial factors playing a role in CPAP adherence were not available (except for employment, a measure of socioeconomic status). Similarly, insomnia symptoms that can affect CPAP adherence were not measured in our study, 50 and the relationship of low arousal threshold with comorbid insomnia in relation to CPAP use requires future study. Fourth, the current dataset did not assess objective adherence from the CPAP machines (mainly because this feature of CPAP machines was not universally available at the time the data were collected). Instead, treatment use status was ascertained by blinded physician investigators, in conjunction with documentation of equipment and supply orders, over an average of 5 years of use. Importantly, the clinical relevance of the CPAP use metric in our study is supported by the findings that regular CPAP use attenuated the risk of incident diabetes, cardiovascular disease, and death in this cohort. 21, 22 Because we did not assess other key physiological traits known to cause OSA, such as upper airway collapsibility, muscle responsiveness, and ventilatory control sensitivity, it remains unknown to what extent these factors affect CPAP adherence. Last, given the population studied, we were unable to assess the effect of sex on ArTH and consequent CPAP use, which should be explored in future work.
Summary
The current study demonstrates that similar to non-Veteran populations, a low ArTH is a common pathological trait among male United States Veterans with OSA. It is associated with older age, BMI < 30 kg/m 2 , white ethnicity, and treatments for hypertension and depression. We also observed a marked reduction of long-term CPAP use in nonobese patients with a low ArTH compared with the rest of the study population. Such findings highlight the importance of understanding a patient's physiologic phenotype for the management of OSA, which may be exploited in the future to improve CPAP adherence in selected patients. 
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